1. Introduction
===============

Feline coronavirus (FCoV) is known to be highly prevalent in the cat population, especially in catteries ([@BIB1], [@BIB15], [@BIB5]). FCoV causes mild gastrointestinal and respiratory diseases mainly in kittens ([@BIB16]) and, it is hypothesised, due to mutations during intestinal replication ([@BIB15], [@BIB18]), feline infectious peritonitis (FIP). FIP is actually the most important fatal infectious disease in cats, ≈5--12% of seropositve cats develop lethal FIP ([@BIB1], [@BIB5]). The pathogenicity of FCoV leading to the FIP syndrome may be linked to increased replication due to a high FCoV load in a cat which can not be determined without a quantitative detection of the causative agent. The fact that FIP is still incurable emphasises that fighting FIP has to depend on preventive measures. Efficacious prevention can be accomplished by detection and separation of FCoV shedding from non shedding cats, resulting in the reduction of coronaviral load or even the elimination of FCoV from a cattery ([@BIB6]). Vaccination has been shown to be efficacious if the cats are FCoV naive at the time of vaccination ([@BIB5]). Both strategies require a method to detect FCoV quantitatively, because only cats shedding FCoV at high level may transmit the virus to other cats ([@BIB6]).

It becomes evident that quantitation of coronaviral load in connection with the detection of FCoV shedders or the development of strategies for the prevention or elimination of FCoV in catteries will depend on PCR procedures that allow the reliable and fast analysis of large volumes of samples.

Several polymerase chain reaction (PCR) based methods have been suggested in detection of the positive-stranded FCoV RNA, but none of these were designed to be quantitative ([@BIB12], [@BIB9], [@BIB8]). In addition, conventional PCR methods are time consuming due to several post-amplification steps, contain a certain risk of cross-contamination between the samples due to a separate labor-intensive reverse transcription (RT) step and a second PCR step in nested PCR systems, are limited in sensitivity and allow only relatively few samples to be processed at one time. The ideal method for FCoV detection should be quantitative, highly sensitive, fast, easy to handle, allow for a high sample throughput and contain a low risk of contamination.

Here we report a fluorogenic probe-based one-tube FCoV RT-PCR assay based on the reverse transcription activity of *avian myeloblastosis virus* reverse transcriptase (*AMV*-RT) in combination with the polymerisation and 5′ nuclease activity of *Thermus flavus (Tfl)* polymerase which fulfills all these criteria. For absolute quantitation, a dilution series of FCoV RNA-standard is amplified with the samples. The assay is based on the reverse transcription and amplification of a portion of the FCoV 7b gene, which is known to be highly conserved among coronavirus isolates ([@BIB10]).

A fluorogenic probe (a 25 base target cDNA specific oligonucleotide which is added to the RT-PCR mixture) is designed to hybridise to a sequence located between the PCR primers ([Fig. 1](#FIG1){ref-type="fig"} ). A fluorescent reporter dye FAM (6-carboxyfluorescein) is covalently attached to the 5′ end of the probe and a quencher dye TAMRA (6-carboxytetramethylrhodamine) is covalently attached to the 3′ end of the probe. The quencher dye absorbs the emission of the reporter dye by Förster-type energy transfer while the probe is intact ([@BIB7]). The 3′ end of the probe is phosphorylated to prevent extension by the *Tfl* during the polymerisation steps. While the reporter dye emission is quenched due to the physical proximity of the quencher dye in the intact probe, the 5′→3′ exonuclease activity of *Tfl* polymerase leads to cleavage of the probe in the extension phase of the PCR cycle. The effect is a dislocation of the reporter dye and, as a result of the decrease of the energy transfer, a rise of the reporter's fluorescence. The resulting relative increase of the reporter dye's fluorescencent emission is measured in the course of every PCR cycle using a Perkin Elmer ABI Prism 7700 Sequence Detector, which is a combination of thermal cycler and luminescence spectrometer. The data are transferred to a connected computer where calculations and graphics are demonstrated by a special software.Fig. 1Principles of the 5′ nuclease fluorogenic assay for feline coronavirus.

2. Methods and materials
========================

2.1. Primers and probe
----------------------

Primers and probe sequences ([Table 1](#TBL1){ref-type="table"} ) were designed with Perkin-Elmer Primer Express™ software. The probe sequence was selected in conformity to the manufacturers guidelines ([@BIB13]), which are briefly (a) a melting temperature of ≈5°C above the annealing temperature; (b) no complementarity to forward or reverse primer; (c) no self-complementarity; (d) not four or more identical nucleotides in a row, especially Gs; (e) no G at the 5′ end of the probe; and (f) a slightly increased melting temperature compared to that of the primers. The TaqMan™ fluorogenic probe was synthesised by Perkin-Elmer, Weiterstadt, Germany. The fluorescent reporter dye at the 5′ end of the FCoV probe was FAM (6-carboxyfluorescein) and the rhodamine quencher dye at the 3′ end was TAMRA (6-carboxytetramethylrhodamine). A phosphate group was added at the 3′ end of the probe to prevent extension during polymerisation.Table 1(a) Feline coronavirus (FCoV) primers and probe for the FCoV fluorogenic assay; (b) position of primers and probe in the sequence of the FCoV 7b genePrimer or probeSequence (5′→3′)Length of fragment (bp)(a)Forward primer FcoV1128fGAT TTG ATT TGG CAA TGC TAG ATT TReverse primer FcoV1229rAAC AAT CAC TAG ATC CAG ACG TTA GCT102Probe FCoV1200p[a](#TBLFN1){ref-type="table-fn"}TCC ATT GTT GGC TCG TCA TAG CGG A[b](#TBLFN2){ref-type="table-fn"}  (b)1001GGCAACCCGATGTCTAAAACTGGTCTTTCCGAGGAATTACGGGTCATCGC1051GCTGCCTACTCTTGTACAGAATGGTAAGCACGTGTAATAGGAGGTACAAGFCoV1128→1101CAACCCTATTGCATATTAGGAAGTTTAGATTTGATTTGGCAATGCTAGAT←FCoV1200p1151TTAGTAATTTAGAGAAGTTTAAAGATCCGCTATGACGAGCCAACAATGGA←FCoV1229r1201AGAGCTAACGTCTGGATCTAGTGATTGTTTAAAATGTAAA ATTGTTTGAA1251AATTTTCCTTTTGATAGTGATG[^2][^3]

The primer pair for the FCoV fluorogenic probe was selected by paying attention that no loop or dimer formation with the other primers and a melting temperature of ≈59°C. Because all FCoV strains should be detectable, probe and primers were designed to have a high cross-reactivity with all known FCoV strains. Additionally, this approach should also be efficient for the detection of canine coronavirus (CCV), transmissible gastroenteritis virus (TGE) and porcine respiratory coronavirus (PRCV). A compilation of sequence comparisons and the cross-reactivity of our FCoV fluorogenic approach with different coronaviruses is shown in [Table 2](#TBL2){ref-type="table"}. The Genetics Computer Group (GCG, University of Wisconsin) sequence analysis package was used for sequence analysis.Table 2Conformity of the feline coronavirus (FCoV) fluorogenic assay sequence with the sequence of canine coronavirus (CCV), transmissible gastroenteritis virus (TGEV), porcine respiratory coronavirus (PRCV), and human coronavirus 229E (HCV); the nonconformity between TaqMan™ and HCV sequence decreases the risk of contamination due to shedded human coronavirusesFCoVGATTTGATTTGGCAATGCTAGATTTAGTAATTTAGAGAAGT..TTAAAGATCCCV-- -- -- -- -- -- -- -- -- ---- -- -- -- -- -- -- -- -- ---- -- -- -- -- -- -- -- -- ---- -- -- -- -- -- -- -- -- ---- .. -- -- -- -- -- -- -- -- --TGEV-- -- -- -- -- -- -- -- -- ---- -- -- -- -- -- -- -- -- ---- -- -- -- -- -- -- -- -- ---- -- -- -- -- -- -- -- -- ---- .. -- -- -- -- -- -- -- -- --PRCV-- -- -- -- -- -- -- -- -- ---- -- -- -- -- -- -- -- -- ---- -- -- -- -- -- -- -- -- ---- -- -- -- -- -- -- -- -- ---- .. -- -- -- -- -- -- -- -- --HCVT--GG-- -- --ACGCTAGTATAACTCA-- -- --CA-- ----G--GCT--G-- ----AA--C-- -- -- -- -- --.FCoVCGCTATGACGAGCCAACAATGGAAGAGCTAACGTCTGGATCTAGTGATTGTTCCV-- -- -- -- -- -- -- -- -- ---- -- -- -- -- -- -- -- -- ---- -- -- -- -- -- -- -- -- ---- -- -- -- -- -- -- -- -- ---- -- -- -- -- -- -- -- -- ---- --TGEV-- -- -- -- --C-- -- -- ---- -- -- -- -- -- -- -- -- ---- -- -- -- -- -- -- -- -- ---- -- -- -- -- -- -- -- -- ---- -- -- -- -- -- -- -- -- ---- --PRCV-- -- -- -- --C-- -- -- ---- -- -- -- -- -- -- -- -- ---- -- -- -- -- -- -- -- -- ---- -- -- -- -- -- -- -- -- ---- -- -- -- -- -- -- -- -- ---- --HCV-- -- --AT-- -- -- -- ---- -- -- -- -- -- -- -- -- ---- -- -- -- -- -- -- --C--GTCAT--T--TCT--GAGACC--A--C

2.2. Feline coronavirus standard for absolute quantitation
----------------------------------------------------------

Standard RNA templates were created as follows: complementary DNA (cDNA) from an American FCoV strain was amplified by PCR with primers FCoV1128f and FCoV1229r. The fragment was separated on a 2% agarose gel, excised, isolated from the gel and ligated into the polylinker of a pT7-blue vector (Novagen, Madison, WI). The recombinant plasmid (named pT7-StFCoV) was transformed into *E. coli* (NovaBlue, Novagen) and a positive colony was amplified in LB-medium containing ampicillin. The plasmids were purified ([@BIB2]), linearised, purified by gel electrophoresis and extracted from the gel using a DEAE membrane ([@BIB4]). The standard plasmids were quantified by spectrophotometrical analysis. Verification and orientation of the sequence was verified by sequencing. The amount of 1.5 μg of the linearised plasmid was used to perform an in vitro transcription with T7 polymerase (Boehringer Mannheim, Mannheim, Germany) at 37°C for 2 h. After digestion with RNase free DNase, the resulting RNA transcripts were purified with phenol-chloroform and precipitated with isopropanol. The RNA transcripts were disolved in diethylpyrocarbonate (DEPC) treated water and quantified by spectrophotometrical analysis. The dilutions of the standard plasmid were carried out in TE buffer (pH 7.6) containing 30 μg carrier RNA (transfer RNA from *E. coli*, Sigma, Buchs, Switzerland) /ml. Endpoint dilution amplification was used to confirm the calculated copy number. The diluted RNA stock was aliquoted and frozen immediately at −70°C. Each aliquot was used only once for a fluorogenic RT-PCR.

2.3. Fluorogenic reverse transcription-polymerase chain reaction
----------------------------------------------------------------

The 50 μl PCR mixture for one reaction contained 7 μl optimised single-buffer 5×(Access RT-PCR system, Promega, Madison, WI), 1.5 μl PCR buffer 10×(500 mM KCl, 100 mM Tris--HCl (pH 8.3), passive reference dye ROX, which is part of the Perkin-Elmer TaqMan® buffer A), 2 mM MgSO~4~, 500 μM deoxynucleotide triphosphates, 0.1% Triton X-100 (t-octylphenoxypolyethoxyethanol, Sigma, Buchs, Switzerland), 1 μM of each primer, 200 nM of fluorogenic probe, 5 U of *AMV* reverse transcriptase/reaction, 5 U of *Tfl* polymerase/reaction and 10 μl of diluted standard or template RNA. After a reverse transcription step of 45 min at 48°C and a denaturation step of 2 min at 94°C, 45 cycles, each 1 min at 64°C, 2 min at 68°C, and 30 s at 94°C, followed. Reverse transcription and amplification were carried out in a single tube in an ABI Prism® 7700 Sequence Detector without modifying or moving the samples between RT and PCR.

2.4. Feline coronavirus strains and other coronaviruses
-------------------------------------------------------

To evaluate the cross-reactivity of this FCoV RT-PCR assay, several FCoV strains and isolates from coronaviruses of other species than the cat were tested ([Table 5](#TBL5){ref-type="table"}). Cell culture natants were used without being modified whereas faeces samples and ascites fluid were diluted 1:10 and treated at 95°C for 10 min to eliminate RT-PCR impeding factors.

2.5. Reverse transcription-polymerase chain reaction data analysis
------------------------------------------------------------------

During amplification, fluorescence intensity of FAM, TAMRA and ROX in each tube of a 96-well plate is measured by the ABI Prism 7700 Sequence Detector. Fluorescence is monitored after each cycle when running the 'real time' mode or only at the end point of PCR running the 'plate read only' mode. The 'real time' mode is accordingly used for quantitative PCR, the 'plate read only' mode for qualitative results. Data are transferred to a connected computer and saved. Calculations and graphic presentation of the generation of fluorescence are carried out by the Sequence Detector Software (SDS), which is part of the ABI Prism 7700 Sequence Detection system. For statistical analysis data were transferred into a Microsoft Excel worksheet.

Running the 'real time' mode, the SDS software offers two possibilities for data analysis, Δ*R* ~n~ and *C* ~T~ (threshold cycle value) calculation. The Δ*R* ~n~ calculation mode is based on the *R* ~n~ value, which is the ratio of the fluorescence signal between the reporter dye and the passive reference ROX. During PCR, *R* ~n~ increases due to the cleavage of a probe with every copy of target that is produced, until the reaction reaches its plateau. Δ*R* ~n~ represents the normalised reporter signal minus the base line signal established in the first few cycles of PCR. Like *R* ~n~, Δ*R* ~n~ increases during PCR as amplicon copy number increases until the reaction approaches a plateau.

The threshold cycle (*C* ~T~) represents the PCR cycle at which an increase in reporter fluorescence above a base line signal can first be detected. A threshold of 10 S.D. above the base line is used to determine the *C* ~T~ values. Because of a correlation between *C* ~T~ value and starting copy number of the template, the *C* ~T~ value is used for quantitation of the initial template number in the samples. The Sequence Detection software generates a standard curve of *C* ~T~ versus starting copy number for all standards and then determines the starting copy number of unknowns by interpolation.

2.6. Standard sequencing
------------------------

The specificity of the fluorogenic RT-PCR was confirmed by sequencing the plasmid pT7-StFCoV by the chain termination method (Microsynth, Balgach, Switzerland). Two sequencing attempts showed right insert and right orientation of the insert in the plasmid.

3. Results
==========

The analytical sensitivity of the fluorogenic RT-PCR assay was 10--100 times greater than the conventional nested RT-PCR ([@BIB9]). A dilution series of a modified life FCoV vaccine (Primucell-FIP™) was prepared and tested in triplicate by fluorogenic RT-PCR and by nested RT-PCR. Nested RT-PCR products were evaluated by agarose gel electrophoresis. Whereas the conventional nested RT-PCR detected the FCoV down to a 1:10^7^ dilution (2 of 3 positive), the fluorogenic RT-PCR detected the whole virus even to a 1:10^9^ dilution (1 of 3 positive) ([Table 3](#TBL3){ref-type="table"} ).Table 3Sensitivity of feline coronavirus (FCoV) fluorogenic assay and nested FCoV reaction transcription-polymerase chain reaction (RT-PCR)DilutionFluorogenic assayNested RT-PCR1/10^4^++++++1/10^5^++++++1/10^6^++++++1/10^7^+++++−1/10^8^−++−−−1/10^9^+−−−−−1/10^10^−−−−−−1/10^11^−−−−−−

To determine the reproducibility of the fluorogenic RT-PCR dilutions of the standard (50, 500, and 5000 molecules of standard RNA) and viral RNA (1:10^6^, 1:10^5^, and 1:10^4^ dilutions of a modified life FCoV vaccine) were prepared. The precision within-run was tested by pipetting the same dilutions ten times on the same 96-well reaction plate, the precision from run-to-run by running the same dilutions in ten different RT-PCRs. In all RT-PCRs all standard samples and samples with viral RNA were detected. The coefficient of variation (in %) of the precision within-run and from run-to-run was in the range of 0.57--1.50 and 1.16--3.42, respectively ([Table 4](#TBL4){ref-type="table"} ).Table 4Coefficient of variation (in %) of precision within-run and precision from run-to-runStandard RNA (copies)Complete virus (dilution)5050050001:10^6^1:10^5^1:10^4^CV within-run1.500.880.690.570.910.59CV from run-to-run3.422.101.702.822.091.16

To assess the risk of cross-contamination, either by PCR products of previous reactions or during pipetting on the 96-well plate, 120 no template controls were included between the samples for reproducibility testing. To decrease the risk of cross-contamination, pipetting was performed in a laminar flow hood. The 96-well plates used in the 7700 ABI Prism system might generate a problem of cross-contamination because pipetting has to be done with the PCR tubes open. All the wells used are only closed with rows of linked caps after pipetting. However, none of the 120 no template controls gave a positive signal indicative for cross-contamination on the 96-well plate. The risk of cross-contamination can therefore be considered as very low, when pipetting is done in a laminar flow hood.

To verify that the amplification efficiency of the FCoV standard RNA transcripts is equal to that of the same sequence within the viral genome, the efficiencies of amplification of both templates has to be shown to be approximately equal. A very sensitive method to compare the efficiencies of amplification is to compare the slope of the standard curve of a standard RNA dilution series to the slope of the standard curve of a dilution series of complete virus particles. The efficiencies can be considered as equal if the difference of the slopes (Δ*s*) is smaller than 0.1. In this approach, the Δ*s* value was 0.06 ([Fig. 2](#FIG2){ref-type="fig"} ), which proves that these standard RNA transcripts are reliable for FCoV quantification.Fig. 2Amplification efficiencies of standard RNA and complete virus.

Several isolates were used to determine the cross-reactivity of this RT-PCR assay. The expected results, based on the sequence comparisons, were confirmed: all tested FCoV isolates as well as CCV, TGEV and PRCV were detectable, HCV 229E and PEDV were not detectable ([Table 5](#TBL5){ref-type="table"} ).Table 5Cross-reactivity of the feline coronavirus (FCoV) fluorogenic assay with several FCoV strains and coronaviruses from other speciesIsolateKind of sampleResult*Feline coronavirus strains (FCoV)*FIPV 204859Cell culture supernatantDetectableFIPV UCD 1 VP IICell culture supernatantDetectableUCD 5Cell culture supernatantDetectableFIPV UCD 8Ascites fluidDetectableFeCV UCD 1Faeces suspensionDetectableFeCV RMFaeces suspensionDetectable  *Canine coronavirus (CCV)*Cell culture supernatantDetectable  *Transmissible gastroenteritis virus (TGEV)*Cell culture supernatantDetectable  *Porcine respiratory coronavirus (PRCV)*Cell culture supernatantDetectable  *Porcine epidemic diarrhoea virus (PEDV)*Isolate 1Cell culture supernatantNot detectableIsolate 2Cell culture supernatantNot detectableIsolate 3Cell culture supernatantNot detectable  *Human coronavirus (HCV) strain 229E*Isolate 1Cell culture supernatantNot detectableIsolate 2Cell culture supernatantNot detectable

4. Discussion
=============

PCR is an extremely sensitive method for the detection of specific nucleic acid sequences. A disadvantage of conventional PCR is that it is a very time-consuming process, especially if the template is RNA and a reverse transcription step is needed or if a second round of amplification is necessary to achieve the required sensitivity. Furthermore, such steps increase the risk of inaccuracy and contamination. Several RT-PCR assays have been developed to detect FCoV ([@BIB12], [@BIB9], [@BIB8]). Two of those assays are nested PCRs and in all of those ethidium bromide staining and UV light transillumination of electrophoretically separated PCR products is necessary to detect PCR products. A further big disadvantage of all those RT-PCRs is that none of them is able to quantitate FCoV.

The one-tube fluorogenic RT-PCR assay for FCoV quantitation described here is fast, simple and reliable. The basis of this assay is a fluorogenic oligonucleotide, called TaqMan™ probe, which is added to the RT-PCR mix. This fluorogenic probe is cleaved during the PCR polymerisation steps due to a 5′ nuclease activity of the *Tfl* polymerase. While the unhybridised probe does not contribute significantly to the signal, the cleavage of the probe leads to the generation of fluorescence. This fluorescence is measured during each cycle by a luminescence spectrometer (ABI Prism 7700) and transferred to a connected computer, where graphics and calculations, for example standard curves or initial amounts of template in the samples, are automatically performed. The use of such a fluorogenic probe increases the level of specificity of the assay. This assay is a one-tube RT-PCR, where all ingredients for RT and PCR are mixed and RT-PCR is performed without additional handling or reopening of the tubes. No post amplification steps are required and calculation of the initial amount of viral particles is done by the software, resulting in a very short processing and assay time. RT-PCR testing of ≈90 samples, including pipetting, can be performed on a 96-well plate including some non template controls and standard dilutions in \<6 h. The standard described, a cloned part of the highly conserved FCoV 7b gene, allows absolute quantitation of FCoV in clinical samples.

The precision within-run and from run-to-run was evaluated with dilutions of the standard RNA transcripts and dilutions of a modified life vaccine (Primucell-FIP™). The coefficient of variation of the precision within-run and from run-to-run was in the range of 0.57--1.50% and 1.16--3.42%, respectively. Thus, the reproducibility in this assay is better than by conventional RT-PCR, where, for example, the precision within-run is in the range of 2--7% ([@BIB19], [@BIB11], [@BIB14]).

The analytical sensitivity of the assay described above was 10--100 times greater than that of the conventional nested PCR. This sensitivity combined with the capability of quantitation makes this assay a valuable tool for FCoV research and diagnosis of FCoV infection.

The risk of contamination has been shown to be very low when pipetting is done in a laminar flow hood and when the different working steps were strictly separated. The fact that the RT-PCR tubes are never opened during the PCR process is an advantage of the fluorogenic RT-PCR, and reduces the risk of contamination.

The standard template was shown to be useful for quantitation of the complete viral RNA, based on the amplification efficiency which was shown to be approximately equal for both amplicons.

This FCoV assay was designed to detect all strains of FCoV. It should also be useful for the detection of other coronaviruses, such as canine coronavirus (CCV), transmissible gastroenteritis virus (TGEV) and porcine respiratory coronavirus (PRCV), but not human coronavirus (HCV 229E), because a considerable part of infectious respiratory diseases in humans is caused by HCV 229E and a detection of this strain might lead to a risk of contamination due to HCV 229E possibly shed by the people handling the samples and reagents. The FCoV sequence selected in the present study has, as desired, a high conformity to CCV, TGEV and PRCV but only a low conformity to HCV 229E. PEDV might not be detectable, because it is reported that no 7b gene is existing ([@BIB3], [@BIB17]). All FCoV strains tested and several coronaviruses of other species than the cat were detected by the assay revealing its wide cross-reactivity. HCV 229E and PEDV were in fact not detectable*.*

These results show that our one-tube fluorogenic RT-PCR for FCoV quantitation allows absolute quantitation, is highly sensitive, reliable, rapid, easy to handle, enables a high sample throughput, and contains a low risk of contamination. These characteristics make this assay an excellent tool for the detection of FCoV.
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